A Simulation Study of Passively Heated Residential Buildings  by Ooi, KoonBeng et al.
 Procedia Engineering  121 ( 2015 )  749 – 756 
Available online at www.sciencedirect.com
1877-7058 © 2015 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ISHVAC-COBEE 2015
doi: 10.1016/j.proeng.2015.09.024 
ScienceDirect
9th International Symposium on Heating, Ventilation and Air Conditioning (ISHVAC) and the 3rd 
International Conference on Building Energy and Environment (COBEE) 
A Simulation Study of Passively Heated Residential Buildings  
KoonBeng Ooia,*, Patrick X.W. Zoua, Mohammad Omar Abdullahb 
aDepartment of Civil and Construction Engineering, Swinburne University of Technology, Melbourne, Australia 
bDepartment of Chemical and Sustainable Energy, Faculty of Engineering, Universiti Malaysia Sarawak 
Abstract 
This research aims to gain understanding of the key design aspects in using renewable sources (e.g., geothermal and solar) for 
residential heating. To achieve this aim, a simulation study has been undertaken by using the EnergyPlus™ software Version 8.1. 
First a brief review of the literature was carried out, which covers solar ground-source heat pump, solar-heated water, low-
temperature wall and floor surface radiators, types of solar collector, fixed tilt versus solar tracker, and cost versus savings.  Then 
the conceptual design idea and energy simulation process are described. Following this a simulation study of a 30 m2 one-
bedroom simple house, as a case example was carried out. The results show that, with two surface radiators, a 30 m2 house 
would remain within the acceptable thermal comfort temperature range in winter. The simulation results also show that the floor 
radiator, fed with water from U-tube in deep ground warms the concrete-in-ground floor, which would otherwise be cold for 
more than half a year. The simulation results also show that the wall radiators, fed with water (stored in a 2 m3 indoor tank) 
heated by evacuated tubes make the indoors comfortable throughout the year. Furthermore, the results of additional 3-
dimensional simulation show that, the creation of a thermal mass under the floor, using vertical insulation into the ground along 
its perimeter, may obviate the need of the floor radiator and borehole. In conclusion, the results of the simulation study show that 
it is feasible to utilise a combination of the renewable geothermal and solar energy to achieve indoor thermal comfort in houses. 
Future research is needed which includes validation of these simulations results with actual data collected from the case example 
and simulation study of more complex and larger scales residential houses. 
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1. Introduction 
This study is carried in order to seek new methods for heating residential house, so that to avoid the use of non-
renewable energy, electricity or natural gas, which is often used for heating houses in winter. Deep ground and solar 
heat are considered as renewable sources and an established simulation software is used to predict the performance 
of innovative surface radiators. Literature reviewed (see the next section for details) show that the performance of 
geothermal (including heat pumps) systems and solar collectors was studied in China and India. Findings in China, 
support (i) using the above 15°C, measured in water circulated through the U-tube in the 50 m deep borehole at the 
experimental site across last summer and autumn, as constant throughout the year, (ii) use of solar collectors in 
unobstructed urban areas. But we consider the AC power of 0.69 KW for the smallest heat pump [1] too large to 
operate by onsite renewable energy. We also consider any fan coil units (and ducting) or metallic radiators (and 
controls) too sophisticated to be implemented for both new and refurbished houses. The aims of this research are: 
find a cheaper initial cost and lower running cost solution, through use of renewable geothermal and solar energy to 
keep houses in temperate climates, comfortable; prove the proposed solution is feasible and sustainable (i.e., use 
renewable energy, preferably onsite, to operate) thus making the houses passive. 
2. Literature review  
Historical Background: The International School of Well Drilling Continuing Education Unit [2] states that 
scientific proof that the temperature in deep ground is nearly constant was shown in France at the end of the 17th 
century. The Americans used the ground as a heat source/sink from 1945. The Heat pump is used to 
increase/decrease the temperature of the working fluid.  Renewable Energy World [3] states that the geothermal 
energy is sustainable. The smallest heat pump needs 0.69 KW to run [1]. Solar Ground-Source Heat Pump (SGSHP): 
Metz [4] suggested a SGSHP system.  Bi [5] used a SGSHP system in Tianjin, China. Bi et al. [6] showed that for a 
whole year, the deep ground in Tianjin is about 15ºC, similar to temperature of water from the Melbourne borehole. 
Bi et al's experimental results of the SGSHP performance show the feasibility of using a SGSHP. They did not 
mention any use of renewables to run the heat pump. Solar Heated Water: Karsten Voss [7] found that from 1995 to 
1998, most buildings in Europe used solar to heat water for domestic purposes.  Nahar [8] predicted that naturally-
convected solar collectors may supply overnight hot water for domestic use at various Indian stations. Li and Leow 
[9] showed that unobstructed solar water heater can be used in urban areas to maximize energy savings. Simulations 
in this research use a solar collector and indoor thermal storage tank. 
Low Temperature ‘Surface Radiators’: Azhaili et al. [10] measured temperatures across a whole year to validate 
the indoor (surface and air) temperatures simulated by an object-based building simulation software. Azhaili et al. 
[11] then used this software's Low Temperature Radiant: Variable Flow object to model the effect of circulating 
25ºC night-cooled water to pipes at the inside face of insulated bottom wall of a single-storey house in the warm 
tropics. Simulations showed that this bottom wall 'Surface Radiator' could cool the indoors of a houses up to four 
stories to comfort temperatures when fans are used. Dragan Cvetkovi´c, Milorad Boji´c [12] used the same software 
to find the optimum insulation at walls, ceilings and floor. 
Thus, warm/hot water can also be used at these Low Temperature Radiant: Variable Flow objects. In this 
research, we use two of this object to simulate for the effect of (i) water heated by deep ground and (ii) water heated 
by the sun, on the indoor temperatures.   
Cost versus Savings: DEWHA [13] estimates that 40% of energy consumed in the average Australian home is for 
space heating and cooling. The Wikipedia [14] informs that the average passive houses are ... more expensive 
upfront than conventional buildings by - 5% to 8% in Germany, 8% to 10% in UK and 5% to 10% in USA. Energy 
Matters[15] provides a general guideline for the cost of a solar space heating system at around $32,000 for a 5sq. 
home (50 sq. meters) and $40,000 for a 10sq. home (100 sq. meters). Aside from adding substantial value to your 
home; annual energy savings of up to $2,000 per year can be made! This research aims to reduce the large amount 
of heating energy and high cost of houses in temperate climates.   Type of Solar Collector and Fixed Tilt Versus 
Solar Tracker: Tin Tai Chow et al. [16] reports that although economically, evacuated tube solar collectors are less 
attractive than the flat-plate type collector system, they are suitable for applications in advanced systems with higher 
temperature demands. We shall use evacuated tube solar collector. 
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Landau [17] shows a solar panel, fixed at about 55 degree inclination would get the 100% solar power in winter 
and about 90% in summer. The maximum loss in collectable solar power compared to a dual axis tilt, is about 15% 
during the cold half of the year. The solar collector in this research will sit on the tiled roof of house and tilted at 57 
degree to the horizontal to closely face the winter sun,   
Insulating the Ground Ooi et al. [18] insulated the walls and ground of the 50 years old raised-floor 150 m2 main 
house to save heating energy. Insertion of 1.2m tall metallic clad polystyrene 0.8m into the ground, to cover the 
0.45m high brick crawlspace walls, contributed to a 25% savings in winter gas bill. The concrete floor of the garage 
in this research sits in the ground and is thermally bridged with the concrete driveway. Therefore we propose a floor 
radiator using the above 15ºC water from deep ground to keep the floor of this experimental building warm. 
3. Research methods 
 
Fig. 1. Environmental & Comfort temperatures. 
 
Fig. 2. Experimental building, Radiators and boreholes. 
3.1. Conceptual design idea 
As the indoor temperatures simulated by this building simulation software has been validated, and the proposal in 
this research is new, simulation is considered a suitable first step for this research. Figure 1 shows the environmental 
temperatures and the heat that could be available from the differences. For example, the 17ºC recorded by 
thermistors at the bottom of the 50m deep borehole is higher than the 15ºC nighttime bedroom temperature used in 
Accurate®[19], the simulation engine for rating Australian residential houses. Heat from water in the U-tube in the 
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borehole could be used to heat the bedroom. Solar heated water will be used at wall radiators, modelled by the same 
object, to try to meet the 18ºC and 20ºC daytime heating thermostat for the bedroom and living space. 
3.2. Case Example Descriptions 
Top left of Figure 2 shows the 6m x 4.88m experimental building, in the backyard of the main house. The roof 
and walls have been insulated with the mandatory R3.5 m2-K/W batts. 
Ground Temperature beneath the Floor: The floor of the experimental building is concrete-in-ground. Figure 1 
showed the below 10ºC ground for half a year. A 3-dimensional heat transfer program provided by EnergyPlus™ 
[20] is used to find the temperatures beneath (on the outside face of) the floor. As the monthly averaged indoor 
temperatures are required inputs to this program, the May to September inputs are set to 18.35°C, the average of the 
heating set points, Representative Meteorological Year (RMY) weather data and a soil thermal diffusivity of 
2.3225760E-03 m2/day is used. The simulated temperatures beneath the floor converged after 8 years. Table 1 
shows that the minimum, from June to August is about 16.5°C. 
Table 1. Temperature [C] beneath floor, indoors heated May to September (after 8 years). 
 Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec 
Indoor 26.18 26.60 23.13 20.5 18.35 18.35 18.35 18.35 18.35 20.87 22.66 24.79 
Beneath Floor 21.99 22.52 21.35 19.61 17.42 16.85 16.55 16.58 16.73 17.11 19.31 20.52 
 
 
Fig. 3. Floor & Wall Radiators. 
 
Fig. 4. Ground-Floor Water Loops, Solar-Wall Water Loops. 
As the concrete floor is thermally bridged with the concrete driveway, it is not practical to insulate the ground 
around the floor.  Therefore, a floor radiator, warm by water from deep ground will be used. Figure 3 shows the 
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13mm diameter black polyethylene pipes are placed on 30mm polystyrene laid on the concrete floor. These are held 
in place by 90mm wide, 45mm thick timber.  
Wall radiators: Figure 3 also shows the construction of the bottom wall radiators used at the 10 m2 bedroom and 
10m2 living space (including kitchen). 13mm diameter black polyethelene  pipes are placed between 140mm wide 
wood on the inside face of the insulated 1m high bottom walls. Indoor tank water, heated by 30 evacuated tubes is 
used.  This solar collector, on 30 degree frame sits on the 27 degree North East roof of the house to incline at 57 
degrees to face the winter sun. 
3.3 Modelling of Water loops and Evacuated Tube Solar Collector 
Figure 4 shows the Solar and Wall Radiators Water loops with the common solar water (SW) tank, and Ground 
and Floor Radiators Water loops with the common ground water (GW) tank. Table 2 shows the specifications 
provided by the Energyplus®20 building simulation software of the Beijing Sunda Solar Energy Technology Co Ltd 
SEIDO 10-20ASAB evacuated tube Solar Collector modelled to face the winter sun, for simulations. 
Table 2. Specifications of Evacuated Tube Solar Collector. 
Gross Area {m2}/Inclination/Orientation 3.39 / 57 degrees / North East 
Test Fluid / Flow Rate /Maximum Flow Rate {m3/s} Water / 0.0000340 / 0.0000388 
 
Tables 3 gives the model of the Ground Heat Exchanger (GHE) used in simulations. It is difficult to validate the 
performance of this GHE. We thus monitor the water temperature from the borehole. With water flows of around the 
Maximum/Design rates of 0.00031 m3/s, the temperature of the water in the 0.2 m3 tank is not less than 15°C for 
the last half year.   
Table 3. Data of Vertical Ground Heat Exchanger (GHE) in the Input File. 
Maximum/Design Flow Rate {m3/s} 0.00031  
Number of Bore Holes x Length / Radius{m} 2 x 25m / 0.05 Shown in Figure 2 
Ground Thermal Conductivity {W/m-K} 2.493  
Ground Thermal Heat Capacity {J/m3-K} 2.50E+006 Temperature measured with 
thermistor  Ground Temperature (October 2014) {C} 17 
Grout Thermal Conductivity {W/m-K} 1.98 (measured) EnergyPlus™[20] enhanced grout is 
1.471 W/m-K Pipe Thermal Conductivity {W/m-K} 0.4 
Pipe Out Diameter / Thickness{m} 0.0267 /0 .00243 
Distance between two legs of U-tube{m} 0.0254 G functions are for  
2 x 25m deep boreholes given in 
EnergyPlus®20 example file. 
Maximum Length of Simulation 1 year 
G-Function Reference Ratio {dimensionless} 0.0005 
Number of Data Pairs of the G Function 76 
4. Simulation results and discussions 
Figure 5 shows the simulated bedroom and living space temperatures for the coldest week. The grids divide each 
day, from midnight, into three 8-hour periods. The living space is above the 20°C from 8 am to midnight. The 
bedroom temperatures are above 15°C from 1 to 7 am and about 18°C from 8 to 9 am and 4 pm to midnight. These 
temperatures are thermostat set points for comfort in rated Australian houses. 
The red line in Figure 6 shows the daily average temperature from March 11 to October 1 when the water heated 
by the solar collector is stored in the indoor thermal storage tank. 
The hottest temperature, in mid-April, being less than 50ºC means that (i) 1 m3 Schultz tanks can be used for 
thermal storage. Stacking two tanks save space (ii) Polyethene pipes can be used.  
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Fig. 5. Bedroom & Living Space Temperatures-Coldest Week. 
 
Fig. 6. Solar water tank temperature heated from autumn. 
Table 4. Flow rates, hydronic pipe lengths and power of pumps. 
 Ground-Floor Water loops Solar-Wall Water Loops 
 Ground Water Solar Water 
Pump Power [W] 21.44 1.19 
 Floor Radiators Wall Radiators 
 Living Bedroom Living Bedroom 
Pipe length [m] 65 65 46 27 
Rated Flow Rate [E-005 m3/s] 2.19 2.31 2.19 2.31 
Pump Power [W] 2.2 1.1 
 
These black coloured (for good radiation) pipes can be purchased at local hardware stores for less than $10 for 25 
meters. The surface radiators can thus be economically fabricated. When fabricated as panels, they facilitate easy 
construction of the bottom walls of new homes.                                                                        
Table 4 shows the water flow rates, hydronic pipe lengths and pump power obtained from simulations. The 
required pressure is calculated from differences in elevation and pipe losses. The total pump power of about 40 W is 
much less than the 690 W for the smallest heat pump. 
Is Heat from borehole sustainable? The results of the simulation for ‘summer’ period, from October 2 -March 10, 
show that 1.2 MWh of heat can be collected by the solar collector. Circulating solar-heated water to the U-tube in 
755 KoonBeng Ooi et al. /  Procedia Engineering  121 ( 2015 )  749 – 756 
the borehole can replenish the KWh’s used by the floor radiators during 'winter', March 11-October 1. This makes 
the geothermal heat sustainable, without a heat pump as stated in Renewable Energy World [3]. 
Boreholes are expensive. What can be done? There are several options and ways can be done as discussed in the 
following sections.  
 
 
Fig. 7. Temperature below and heat flow through floor without and with vertical insulation. 
Method 1 - Insulate the ground. With 0.8mH vertical insulation into the ground around the concrete floor slab, 3-
D simulation shows that the ground temperature beneath the floor converges after 1 year compared to the 8 years 
without vertical insulation. Figure 7 shows that, without vertical insulation, the ground beneath the floor would take 
3 to 5 years to reach the 17°C (May to September) achieved with insulation. Figure 7 also shows that, during this 5 
month period, vertical insulation reduce the heat flow through the floor by about 20%. Thus, vertical insulation 
could obviate the need for floor radiators and expensive deep boring into ground. 
Method 2 - Heat from deep ground could warm raised wooden floor. Figure 8 shows the 450mmH 
subfloor/crawlspace of the 150 m2 house where inflatable tanks (bladders) can be placed.  Circulating 15ºC water 
from U-tube in deep ground to these bladders (shown in inserted picture) would warm the wood floor in winter and 
further reduce gas bill (Ooi et al 2014)[18]. This could reduce the $40,000 solar system for 100m2 house stated by 
Energy Matters [15].   
 
 
Fig. 8. Sectional side view of the 450mmH Crawlspace (Insert: inflatable bladders). 
Method 3 - Solar power can be readily applied for operation. Table 4 shows that circulating water to deep ground, 
solar collector/tank and surface radiators require a total of about 40 W. This is less than 10% of 690W rated for the 
smallest geothermal heat pump and would only need a small readily available solar photovoltaic, inverter and 
battery for pumps’ operation.   
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Future Research  
Future research is needed which includes validation of these simulations results with actual data collected from 
the case example and simulation study of more complex and larger scales residential houses 
 
5. Conclusions 
The results of the simulation study indicated that, for a modern house with insulated concrete floor, winter 
heating by geothermal-heat pump system may be replaced by low temperature hydronic radiator fed water heated by 
evacuated tube solar collector stored in a tank. The temperature of less than 50°C means that lower embodied energy 
materials, like polyethelene tubing for the radiator, can be used. These affordable polytubes can be integrated into 
commercially manufactured insulated structural panels. Only onsite solar photovoltaic and deep cycle batteries are 
needed to circulate the water. Preparation as future research is in progress to conduct measurements to verify the 
simulated results, after which EnergyPlus can be used to find the effects of surface (panel) radiators for family-sized 
houses and multi-storey residential units.  
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